The scalar structure function scaling exponent n is experimentally determined for n ഛ 10 in decaying, grid-generated wind-tunnel turbulence with a constant mean temperature gradient. The Reynolds number is varied over the range 150ഛ R ഛ 700 by using static and active grids. The results show that up to n = 10 the scaling exponent does not saturate although saturation is not precluded at higher orders. There appears to be no dependence of n on Reynolds number and the values of n are the same for the transverse (along the gradient) and the longitudinal (streamwise) structure functions. A compilation of previous work shows large variation in n , with a few results indicating saturation and most not. Reasons for the scatter are attributed to convergence problems at high orders, effects of flow or computational domain size causing clipping of large rare fluctuations, and differences in initial and boundary conditions.
I. INTRODUCTION
During the 1990s there were significant advances in the understanding of the advection of a passive scalar field in turbulent flows. 1, 2 Building on the earlier work of Kraichnan, 3-5 theoretical [6] [7] [8] and numerical work [9] [10] [11] has produced a firm foundation for the understanding of scalar intermittency, anisotropy, and the behavior of higher order structure functions. Central to this work has been the recognition that the statistical properties of the scalar field are decoupled from the velocity field itself. The lack of dependence of the scalar on the velocity field is clearly shown by the existence of intermittency in the scalar in a purely Gaussian (nonintermittent) velocity field, [3] [4] [5] 10 although it is possible that the details of the intermittency structure are determined by the specific nature of the velocity field. Furthermore, contrary to cascade models, the large and small scales of the scalar field are directly coupled: there exist coherent ramp-cliff structures that affect this coupling. 1, 2 These structures produce large fluctuations, as well as anisotropy, at the small scales. They are inherent to the mixing process and are not reflections of the velocity field itself.
The persistent anisotropy and the related intense intermittency of the scalar field is reflected in the strong departure of the higher order structure function (SF) scaling exponents from elementary Kolmogorov-Obukhov-Corrsin (KOC) scaling (e.g., Warhaft 2 ); a departure that is much greater than that of the velocity field in which it is embedded. KOC scaling predicts ͗⌬͑r͒ n ͘ϳr n/3 where ⌬͑r͒ is the scalar difference over a distance r (which in the present work will be in the streamwise x or the transverse y direction) and n is the structure function order (in this work we only consider positive integers). We are concerned here with inertialconvective subrange intervals, ᐉ ജ r ജ , where ᐉ and are the scalar integral and dissipation scales, respectively. For large n, models 9, 12 suggest that the scaling exponent n , defined as ͗⌬͑r͒ n ͘ϳr n , saturates to a constant value due to the existence of the dominant ramp-cliff structures. The rate at which saturation occurs (with increasing n) and the asymptotic value of the scaling exponents are not predicted.
Here we describe perhaps the simplest type of scalar experiment; decaying grid turbulence with a passive crossstream temperature gradient. [13] [14] [15] [16] [17] The gradient breaks the scalar symmetry and causes preferential alignment of the ramp-cliff structures in its direction. Thus odd order structure functions are nonzero in the transverse direction and the derivative skewness is O͑1͒. 10, 15, 17 On the other hand, for this flow there is scalar symmetry in the streamwise direction and thus odd order longitudinal structure functions and derivative moments should be zero (which is observed to a high degree, see below). This does not mean that ramps and cliffs do not occur in the x direction; they are present in all directions but are randomly distributed (except in the mean gradient direction where they are preferentially aligned). Snapshots of the fluctuating scalar field with the ramp cliffs are shown in numerical simulations, 9, 18 and multipoint correlators 19, 20 provide geometric insight into these structures.
Successful theory will have to provide predictions on the way the anomalous scaling exponents vary with structure function order, whether they are the same in the direction of the mean temperature gradient and normal to it, and whether their approach to the asymptotic value is universal or flow dependent. Here we present measurements of these quantities in our simple flow, and compare them with previous experimental 15, [21] [22] [23] [24] and numerical 9,25 results.
II. APPARATUS
Both passive 13, 14, 16, 17 and active 15 grids have been employed to study scalars in wind tunnels. As in most of these previous experiments, the temperature gradient is in the y direction, normal to the flow ͑x͒ direction. 16 The mean velocity is constant across the core of the flow and there is no a)
Telephone: (607) 255-3898; fax: (607) 255-1222; electronic mail: zw16@cornell.edu temperature variation in the z direction. With the active grid the mean temperature gradient T͑y͒ tends to erode slightly with downstream distance because of the relatively large turbulent integral scale. This causes a weak temperature variation in the x direction. 15 For the passive grids T͑y͒ remains constant with x, producing the ideal situation with the temperature variation in one direction only, but with a sacrifice in Reynolds number (see Table I ). Here we use both active and passive grids in order to study the effects of Reynolds number. We also show that even for the active grid, the odd order moments are negligible in the x (longitudinal) direction, indicating that the longitudinal mean temperature variation is still small compared to the transverse (y direction) gradient and therefore not significantly affecting the scalar field.
The temperature gradient was produced by means of differentially heated ribbons, a toaster, 16 located in the tunnel plenum, before the honeycomb, screens, and contraction. The temperature fluctuations were produced by the action of the grid on the mean temperature profile. Thus the thermal length scale is set by the grid. The temperature gradient in each measurement was measured at several downstream locations with a thermocouple rake, consisting of 19 thermocouples spaced in the transverse direction of the flow.
The passive grids are the same as those employed in Tong and Warhaft 17 and Jayesh and Warhaft 14 (mesh M = 2.54 cm, small grid, SG, and M = 10.16 cm, large grid, LG), and the active grid ͑M = 11.4 cm͒ operated in the random mode, is the same as that used in Mydlarski and Warhaft. 15 The reader is referred to those papers for a further description of the flow apparatus and the background velocity fields. All experiments were conducted in our large wind tunnel (91.44ϫ 91.44 cm 2 in cross section and 9.1 m long). 26 The measurements were done at various downstream locations, 40ഛ x / M ഛ 100 for the SG, 25ഛ x / M ഛ 70 for the LG, and 22ഛ x / M ഛ 62 for the active grid. In Table I Temperature and velocity signals were high and low pass filtered with a Krohn-Hite model 3384 band-pass filter, and digitized with a 12-bit A/D converter. The high-pass filter was in all cases set at 0.01 Hz while the low-pass filter frequency varied between about 2000 and 20 000 Hz for the longitudinal statistics, depending on flow parameters, and the sampling frequency was double the low-pass frequency. For the transverse statistics the sampling frequency was set 400 Hz in all measurements. This low frequency was used to obtain independent data points for the determination of moments. The temperature statistics were obtained from a data series that typically contained about 8 ϫ 10
6 -2ϫ 10 8 data points for longitudinal statistics and around 4 ϫ 10 5 data points for transverse statistics. The velocity statistics were obtained from data series containing about 8 ϫ 10 6 data points.
Taylor's frozen flow hypothesis was used to obtain data for the longitudinal structure function from a single temperature probe. The transverse structure function was obtained by varying the spacing between two single wire temperature probes.
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III. RESULTS
Typical spectra for both the velocity and scalar fluctuation fields with the passive grids ͑R =66, R = 170͒ and active grid ͑R = 500͒ are shown in Fig. 1 . As has been previously observed, 2,27,28 the scalar spectrum has a larger scaling range than the velocity field at the same R (and at very low R a scaling range exists for the scalar in the absence of a scaling region for the velocity [27] [28] [29] ). This is presumably due to the existence of the ramp-cliff structures. Figure 2 shows longitudinal and transverse temperature SFs, ͗⌬͑x͒ n ͘ / ͑ rms ͒ n and ͗⌬͑y͒ n ͘ / ͑ rms ͒ n , respectively, for both passive and active grid experiments. ͗⌬͑x͒ n ͘ is determined from Taylor's hypothesis ͑␦x =−U␦t͒ and thus the resolution is limited only by the sampling rate. On the other hand ͗⌬͑y͒ n ͘ is determined by moving a temperature probe with respect to a fixed probe in the y direction and taking differences. Typically 15 points are taken and the resolution is not nearly as good as for the longitudinal direction. Nevertheless it is evident from slopes of the structure functions we examined their ratio for the active grid (not shown) and found that within the scaling range ͑70Ͻ r / Ͻ 400͒ it was Ϸ1.1. The constancy of this ratio confirms that the scaling exponents of the longitudinal and transverse SFs are essentially the same in the inertialconvective subrange. (The transverse measurements for y / ഛ 10 are prone to error because of the difficulty of determining y over small separations with the variable differencing probe, thus we do not report dissipation range measurements. Those measurements must be made with a fixed differential probe.
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) We note the significant extension of the scaling range for the higher R active grid case [contrast Fig.  2(b) with Fig. 2(a) ]. We also note that the (anomalous) odd order transverse structure functions indicate a smaller integral scale than the corresponding even orders [this is particularly evident in Fig. 2(a) ].
In Fig. 3 the third order longitudinal temperature structure functions, for both the active grid and the LG, are compared with their adjacent (second and fourth) order SFs.
Symmetry requires that all odd order longitudinal structure functions be zero, and we observe noisy third order SFs with absolute magnitudes generally two or more decades below the even orders. Note that even for the active grid, where there is a weak mean longitudinal temperature variation, the third order SF is negligible. Higher order longitudinal odd SFs (not shown) were also negligible.
We now turn to the delicate issue of determining the scaling exponents n of the structure functions in the inertialconvective range. Only even order longitudinal structure functions are considered since odd orders are negligible (Fig.  3) . While Fig. 2 suggests there are clear scaling ranges, a more stringent test for their existence is to take the derivative of the structure function. This is done in Fig. 4 for n = 4, 8 for the active grid and the passive grids. In the active grid case, in the region 70Ͻ x / Ͻ 400, the derivative is horizontal to LG, R =167); lower curves, passive grid (M = 2.54 cm; SG, R =66). The LG and the SG spectra have been divided by 100; (b) temperature spectra for the active grid, solid line; the LG, dashed line; the SG, long-dashed line. The Kolmogorov scale is defined in Table   I , and k is the wavenumber (ϵ2f / U, where f is the spectral frequency and U is the mean velocity). In both (a) and (b) the straight line has a slope of −5/3. , dotted line and plus signs. In (a) rms = 0.244°C for the transverse structure functions and rms = 0.211°C for the longitudinal structure functions: they were measured on different days and thus have slightly different root mean square values. In (b) rms = 0.708°C; the longitudinal and the transverse structure functions were measured in the same run.
within ±5% defining the extent of the scaling range. The passive grids have much narrower scaling ranges and for the small grid, a reliable scaling of the structure function is not possible.
While a scaling range is present at least for the active grid and to a lesser degree for the LG, a further issue that must be addressed is the effect of the tunnel walls on the value of n . The determination of higher order exponents is dependent on resolving large, rare temperature fluctuations. In a wind tunnel with a mean scalar gradient the temperature is bounded by the hot and cold walls and there is a clear possibility of truncation effects. In order to check for these effects we examined the probability density functions (pdf) of the temperature signals, the longitudinal scalar derivatives and scalar differences within the inertial-convective subrange, Fig. 5 . Figure 5(a) shows pdfs of the temperature signals for the three grids. The SG has approximately exponential tails for the temperature pdf, a result obtained in previous experiments, 14, 30 and suggested by phenomenological models. 31 Here the turbulence integral scale is sufficiently small, relative to the tunnel width, for rare, anomalous fluctuations to arrive at the measuring position from large, upstream transverse separations. 2, 31 The LG also shows evidence of exponential tails but with a narrower distribution. Here the wall effects are beginning to become significant. Finally for the active grid case the wall effects are much more severe because of the large integral scale. The temperature pdf now becomes sub-Gaussian since the large fluctuations are clipped by the maximum and minimum temperatures at the tunnel walls. This behavior is also observed in numerical work 32 and other experiments. 15, 33 Table I lists the integral length scales and other relevant parameters for each of the three flows.
The truncation effect does not prohibit us from looking at scaling exponents of the temperature structure functions but rather limits the order to which they can be resolved. Figure 5 (b) shows the difference pdf is relatively unaffected until approximately when it crosses the temperature pdf, where it becomes truncated. This is particularly evident for the right-hand side of the difference pdf. (It can be shown analytically 34 that the difference pdfs are bounded by the signal.) The wall effects manifest themselves in the difference pdfs of both the large passive grid and the active grid, causing them to become concave, at Ϸ5⌬ / ⌬ rms , Figs. 5(c) and 5(d), but for the SG, with its small integral scale, the difference pdfs remain exponential. It is therefore tempting to conclude that in absence of wall effects the pdfs of both the temperature and the temperature difference have approximately exponential tails. Figure 6 shows convergence plots ͑⌬͒ n pdf͑⌬͒ for n = 8, 10. The pdfs are well converged to tenth order. From Fig. 6 we conclude that the truncation of the pdfs at ⌬ / ⌬ rms = 5 limits our scaling exponent range, at least for the active grid, to 10 . For the passive grids, 5⌬ rms is equivalent to about 0.3°C temperature difference for the small grid and 1°C for the large grid. In both cases the maximum temperature difference, set by the wall temperatures, is about 4.5°C. For the active grid 5⌬ rms amounts to 2°C temperature difference while the difference between the wall temperatures is about 2.5°C. Thus for this case 5⌬ rms is nearly equal to the limit set by the hot and the cold extremes of the tunnel. Figure 7 shows the compensated longitudinal structure functions for n =2-10 for the active grid. The compensation was done both by eye and by using the extended self similarity (ESS) procedure, 35 and these methods were found to agree well. In order to test the subjective variation caused by the visual fitting we varied the compensation. Figure 7 shows the sixth order structure function compensated with exponents 1.105 and 1.125. Even for a variation of less than 1% there is a marked difference in the plateau. For smaller variations it was difficult to detect any difference in the plateau and we will use ±0.01 as the error in determining 6 (it is slightly greater for the higher orders). Other sources of error including the convergence of the probability density functions are discussed below. Figure 8 shows n as a function of n for both the LG [ Fig. 8(a) ] and for the active grid [ Fig. 8(b) ]. From here on function of x / , using same data as in Fig. 2. (a) LG, (b) active grid. we disregard the SG results because of their small inertialconvective subrange (Fig. 4 ). Experiments were conducted on different days and the variation in n tends to reflect scatter rather than a dependence on R , although there does appear to be a systematic variation for the active grid where 2 increases from 0.64 to 0.68 with increasing R [ Fig. 8(b) ]. This was not fully supported by some other of our experiments and may be due to the x / M variation, which was not systematically explored. For the passive grid the variation in 2 was from 0.65 to 0.67 but scattered as a function of Reynolds number ͑150ഛ R ഛ 167͒. Thus over the full Reynolds number range ͑150ഛ R ഛ 700͒ we see no systematic variation. Notice that there is not much evidence that the scaling exponent is saturating. We will return to this in Sec. IV.
At second order the SF scaling exponent varied from 0.64 to 0.68, as compared to the KOC scaling of 2 / 3. We ascribe this variation to scatter, since we were unable to find any systematic cause for it. Other studies also show variation in 2 (Table II) . In order to facilitate comparisons of our various experiments, and comparisons with that of other workers (below), we have normalized the data of Figs. 8(a) and 8(b) with 2 . These results are shown in Fig. 9 . The collapse is good. No systematic Reynolds number effect is observed. We have fitted a logaritmic curve to our data: the best fit is n / 2 = 0.507+ 1.633 ln n ͑2 ഛ n ഛ 10͒. Hence n is still increasing at n = 10, albeit at a slower rate. Our results do not preclude saturation at higher order, although it would be rash to infer it from the present data. Clearly, if saturation does occur it does so for n Ͼ 10 at least for this flow. 36 Note that there is no significant difference between the scaling exponents for the active grid and the large passive grid, providing further evidence that the truncation effects are not playing a significant role for the active grid (for which the integral scale is much larger). Figure 9 also shows the scaling exponent of the transverse structure functions. As previously mentioned the results are quite similar to that of the longitudinal structure functions but the error in estimating the exponents is much greater (see error bar on the graph). For this reason we have plotted this exponent only up to the eighth order. Figure 10 shows a compilation of a number of other experiments previously reported in the literature. Also included are our results from Fig. 9 . Large variation is evident, not only for the higher orders, but even at fourth and sixth orders. For example at the sixth order there is a variation of ϳ0.3; at tenth order it is ϳ0.5. The data of Meneveau et al. 22 and Moisy et al. 23 appear to be saturating, but the rate at which this occurs, and the magnitude of ϱ , is quite different for each data set. All other data show a decrease in the rate of change in n , but saturation is not evident, at least to the 12th order.
IV. COMPARISON WITH OTHER EXPERIMENTS
Differences in boundary conditions, wall effects, and poor convergence of the data are probable reasons for the variations between the data sets of Fig. 10 . Table II lists Phys. Fluids, Vol. 16, No. 11, November 2004 On higher order passive scalar structure functions2 . As in the present work, there is large variation in 2 and this variation is systematically amplified at higher orders. This is particularly evident in our own experiments (Fig. 8) . While we do not have any compelling evidence to reject the data of other workers, a reanalysis of Mydlarski and Warhaft 15 (see Fig. 11 of Warhaft 2 ) has indicated that the data suffer from convergence problems for n ജ 8. It is also relevant to note that the data of Meneveau et al. 22 were obtained from analysis of experimental data by using joint multifractal formalism while for all the other data the scaling exponents were determined either directly from the structure function or by using ESS. Note the large difference between the two numerical simulation experiments, those of Chen and Cao, 25 and Celani et al. 9 The most recent other laboratory experiment is by Moisy et al. 23 Their fluid is low temperature helium gas in a closed cylinder, with rotating disks stirring the fluid. A small heated grid (mandoline) is positioned at the edge of the cylinder and the cold wire anemometer is positioned 20 mesh lengths downstream from it. Both the velocity and thermal fields are undoubtedly complex. Nevertheless these workers show pdfs that are well converged. Notice that the difference between the Moisy et al. 23 experiment and the present work is most pronounced at the sixth order where the statistics are well converged and finite domain effects are even less significant than at higher orders. The difference between their data and that of the present work is then presumably due to the difference in boundary conditions. In Moisy et al. 23 the temperature length scale is determined by both the velocity field and the mesh of the heated grid, whereas in our work the thermal scale is determined purely by the velocity field. Further, in the present work there is a mean scalar gradient as opposed to the mandoline generated fluctuating thermal field in the Moisy et al. 23 experiment.
V. CONCLUSIONS
A compilation of the present work with that of previous experiments shows that the way the scalar structure function exponent n varies with order n is far from resolved. The present work shows that n is still increasing at n = 10, but saturation cannot be ruled out at high orders. Our results, for a passive cross-stream gradient in decaying grid turbulence, are independent of Reynolds number ͑150ഛ R ഛ 700͒ and n is almost the same for the transverse and longitudinal structure functions (Fig. 9) , indicating that the ramp-cliff struc- tures are ubiquitous, despite their preferential alignment along the mean gradient. Our results show negligible odd order structure functions in the longitudinal direction (consistent with symmetry requirements, Fig. 3 ) but for the transverse direction their exponents evolve monotonically with those of the even exponents, a result consistent with previous findings. 2 The existence of the odd order transverse structure functions is due to the anisotropic ramp-cliff structures. Our experiments also show the effect of finite temperature extremes set by the flow domain. The scalar signal pdf has exponential tails when wall effects are negligible and subGaussian tails when they are significant [ Fig. 5(a) ].
Previous results (Fig. 10) show saturation of n for some experiments but not for others. Reasons for the variations are attributed to statistical convergence problems (at high orders), problems due to finite domain size causing clipping of large rare fluctuations (both in experiments and computations), and differences in boundary conditions. The latter appears to be dominant when the present work, with the crossstream scalar gradient, is compared to the decaying (mandoline generated) temperature fluctuations of the Moisy et al. 23 experiment where there is no mean temperature gradient. The Moisy et al. 23 experiment shows saturation, and even at the sixth order (where statistical and finite domain effects can be ruled out) there is a significant difference between n in the two experiments. These results suggest that boundary conditions are affecting the values of n . Whether it is differences in the velocity field, or in the scalar field itself, that causes the differences in the scaling exponents, needs to be resolved. Clearly, more experiments are suggested. In particular, it would be interesting to repeat the experiments reported here, but in a facility with sufficient dimensions so that wall effects are eliminated completely.
